Abstract. Delivering diclofenac diethylamine transdermally by means of a hydrogel is an approach to reduce or avoid systemic toxicity of the drug while providing local action for a prolonged period. In the present investigation, a process was developed to produce nanosize particles (about 10 nm) of diclofenac diethylamine in situ during the development of hydrogel, using simple mixing technique. Hydrogel was developed with polyvinyl alcohol (PVA) (5.8% w/w) and carbopol 71G (1.5% w/w). The formulations were evaluated on the basis of field emission scanning electron microscopy, texture analysis, and the assessment of various physiochemical properties. Viscosity (163-165 cps for hydrogel containing microsize drug particles and 171-173 cps for hydrogel containing nanosize drug particles, respectively) and swelling index (varied between 0.62 and 0.68) data favor the hydrogels for satisfactory topical applications. The measured hardness of the different hydrogels was uniform indicating a uniform spreadability. Data of in vitro skin (cadaver) permeation for 10 h showed that the enhancement ratios of the flux of the formulation containing nanosize drug (without the permeation enhancer) were 9.72 and 1.30 compared to the formulation containing microsized drug and the marketed formulations, respectively. In vivo plasma level of the drug increased predominantly for the hydrogel containing nanosize drug-clusters. The study depicts a simple technique for preparing hydrogel containing nanosize diclofenac diethylamine particles in situ, which can be commercially viable. The study also shows the advantage of the experimental transdermal hydrogel with nanosize drug particles over the hydrogel with microsize drug particles.
INTRODUCTION
Hydrogels are composed of cross-linked, threedimensional hydrophilic polymer networks, which swell, but do not dissolve in contact with water [1] [2] [3] . Hydrogels have been considered for use in a wide range of biomedical and pharmaceutical applications, mainly due to their high water content and rubbery nature [4, 5] . Because of those properties, hydrogel materials resemble natural living tissue more than any other class of synthetic biomaterials [6] [7] [8] [9] [10] . This waterbased gel provides better patient compliance since it is easily washable by water, and medication can be stopped at any time. Moreover, it does not produce any untoward stickiness as seen in the case of many ointments and creams. The attraction of the hydrogel formulation over the conventional cream and ointment has been engaging more and more researchers to work in the field to bring cost-effective and more efficacious topical formulations. The ammonium salt of diclofenac, i.e., diclofenac diethylamine (DDA), is now widely used for topical applications [11, 12] . Diclofenac is an acidic non-steroidal anti-inflammatory compound. Diclofenac has a log P of 4.75 and is less easily permeable to the skin due to its scanty partitioning between the lipophilic stratum corneum and the hydrophilic dermis [13] . To resolve solubility problems, diethylamine salt of diclofenac has been prepared [14] . This salt can better partition towards a lipid phase [15] . Hence, diclofenac diethylamine is the most preferable salt of diclofenac for skin permeation. Delivering DDA transdermally in a nanosize form is an approach for faster skin permeation of drug, reducing or avoidance of systemic toxicity of it, while providing local action for a prolonged period. Most of the available methods of gel containing drug nanoparticles are to convert the drug into nanosize, and then it is dispersed in the gel. The novelty of the present hydrogel system is that the drug precipitates in situ in nanosize clusters and dispersed homogeneously in the formulation. No nanoparticle has been developed separately. This makes the formulation very simple and cost-effective in terms of scalability. Further, we wanted to evaluate the effects of drug particle size in the formulation on skin permeation. The hypothesis was that due to the nanosize of DDA, the drug could have better local action because of better skin permeation and could even provide systemic effects simultaneously. In contrast, most of the marketed formulations fail to provide systemic effects due to low skin permeability of drug micro particles [11] .
MATERIALS AND METHODS

Materials
DDA was obtained as a gift sample from Kothari Labs (Saugor, Madhya Pradesh, India). PVA (M.W. 125000, S.D. Fine-Chem Pvt. Ltd., Mumbai, Maharashtra, India), carbopol 71G (Noveon, Cleveland, OH, USA), and Voveran gel (batch no. 77072 T; Novartis India Limited, Bangalore, Karnataka, India), containing 1.1% (w/w) diclofenac diethylamine, were purchased. Cadaver skin was obtained from R.G.Kar Medical College and Hospital, Kolkata, West Bengal, India. All other materials were of analytical grade.
Preparation of Hydrogel with Dispersed Nano-Size Drug Particles With or Without Skin Permeation Enhancer
Required amount of DDA (Table I ) was dissolved in minimum possible amount (~2-3 mL) of 95% ethanol. PVA solution (12% w/v) was prepared by continuous stirring of the required amount of PVA in hot water (60°C) followed by cooling at room temperature. Required amount of triethanolamine (1.9% w/w) was added in PVA solution at this stage, whenever applicable. The drug solution was slowly added to PVA solution containing triethanolamine and homogenized with a homogenizer (Daihan Scientific Co. Ltd., Seoul, South Korea) at 3000 rpm for 1 min. PVA acts as a surface stabilizer. Due to its degree of polarity, PVA has high aqueous solubility but it demonstrates a non-ideal solution behavior in water [16] . We have used a homogenization speed of 3000 rpm for 1 min to ensure efficient mixing of drug solution with PVA solution. Triethanolamine is a known skin permeation enhancer (hence called enhancer) [17] used in various topical formulations. Reports are available where triethanolamine has been used in topical formulation from 0.5 to 1.7% w/w [18] and from 0 to 5% w/w [19] . Initially, different concentrations of triethanolamine from 0.5 to 2.5% w/w have been tried and the optimum concentration of 1.9% w/w has been chosen based on skin permeation data of the drug. The requisite amount of carbopol 71G was dispersed in 50 mL of water, and drug-PVA mixture/drug-PVA mixture with triethanolamine was added to it at a ratio of 1:1 v/v and mixed well. Finally, few drops of 2% w/v sodium hydroxide were added to it and mixed thoroughly. The preparation was allowed to stand overnight and pH was adjusted to 7.0.
Preparation of Hydrogels With Drug Dispersion in Microsize With or Without Skin Permeation Enhancer
Hydrogel formulations with microsize drug particles were obtained by dispersing coarse drug particles (Table I) in an aqueous PVA (12%) solution (with or without triethanolamine) using a homogenizer as mentioned above. The rest of the process was also similar as mentioned before.
Physicochemical Characterization of Hydrogels
Microscopic Study for Observation of Particles
High-resolution field emission scanning electron microscope (FESEM) (JSM 6700F, JEOL, Tokyo, Japan) was used to observe drug particles in the hydrogel. The hydrogel was spread on a stub, coated using platinum by ion sputtering technique and observed under FESEM. Hydrogel with the microsize drug particles was observed in an optical microscope (Axiostar Plus, Carl Zeiss, Jena, Germany).
Viscosity Study
The viscosity of hydrogels was measured using Viscometer TV-10 (Toki Sangyo Co. Ltd., Tokyo, Japan). The spindle number M4 was used. The length and diameter of the cylinders were 10.5 and 3 cm, respectively, and those of the spindle were 6.4 and 1.8 cm, respectively. Viscosities of the different formulations were determined at 25°C following the guideline of the manufacturer.
Study of Swelling Index
Measured amount (W 0 ) of hydrogel was taken and allowed to swell on a Petri dish in water at 25±0.5°C. After removal of excess water by brief soaking with a blotting paper, weight (wet weight) was noted at the predetermined time intervals (1-10 h) (at every half an hour), till it became constant (W t ). When the weight became constant (W t ), swelling index was calculated in terms of water uptake [20] . 
Skin Irritation Test
PVA-carbopol 71G-DDA (nanosize) hydrogel with triethanolamine was applied to the skin of the forehands of ten individuals (five males, five females, age 22-28 years) once daily (kept for 10 h) for seven consecutive days to test any kind of skin irritation. Gel (0.5 g) was applied on 10 cm 2 area on the dorsal surface of the forehand. The individuals were monitored for any kind of skin irritations including itching, rashes, redness, swelling, inflammations, allergic manifestations, and any discomfort at the application site till the next 7 days after the completion of application. The Institutional Ethical Committee (IEC) of Jadavpur University has approved to carry out the work on human material (ref. no. IEC/JU/PHARMTECH/12/ 07/2007).
The skin irritation test was also conducted on SpragueDawley male rats (130-150 g body weight). Five rats were taken. They had free access to food and water. The experiment was conducted for 7 days with necessary, humane care of the animals after obtaining permission from Jadavpur University Animal Ethics Committee. After removal of hair (18 h before hydrogel application) from the backside of all the rats with a depilatory cream (Anne French), 0.5 g (wet weight) of the hydrogel (containing nanosize drug particles with permeation enhancer) was applied on 10 cm 2 area marked earlier. Before the application of gel, photograph of the skin was taken. After 10 h, the gel was washed and skin photograph was taken and compared with the initial photograph.
Test of Hardness of Hydrogel With Texture Analyzer
Hardness was measured using texture analyzer (Brookfield engineering, Middleboro, MA, USA). Only hydrogels without the permeation enhancer were analyzed by this test as it was assumed that the addition of permeation enhancer would not change the texture property to a great extent. The test was carried out by using the fixture having male and female attachments. The hydrogel was taken into the female donor compartment up to a specific mark, and the surface was leveled with a sharp knife. The male probe was then allowed to come down just to touch the surface with the maneuver of the load cell. The experiment was then started and the movement of the male probe was guided by the preset parameters. The male probe was moved through the hydrogel at a speed of 30 mm/min up to a specified distance of 15 mm and then retracted backward to its original position. The trigger load was set to 5 g and two cycles was completed for each set of test, following the manufacturer's guidelines.
Drug Release
Drug release patterns from the various hydrogels were determined in vitro through a dialysis membrane at 37°C in a water bath, with a modification of the earlier reported method [21] . Briefly, 2 g of each of the prepared hydrogels was separately taken inside a dialysis sac of approximately 5 mL volume each made from dialysis cellulose membrane having a molecular cutoff value of 12-14 kD (Sigma-Aldrich Corporation, Bangalore, India). Drug release was determined in phosphate buffer pH 7.4 following the reported method [21] . The cumulative percentage drug release was plotted against time. Drug release data were tested for zero-order, first-order, and Higuchi kinetic models. The kinetic model which generates the best fit line was considered.
In Vitro Skin Permeation Study
In vitro skin permeation study was carried out in a diffusion (modified Keshary-Chien) cell. The diffusion cell has been designed incorporating all the designing aspects of Keshary-Chien cell except the diameter and length of the cell. The cell had the capacity of 68 mL with a cross-sectional area of 1.68 cm 2 . The permeation studies were performed using the abdominal cadaver skin. The skin was processed as mentioned elsewhere [22] . The stripped skin was tied at the donor compartment with the dorsal side facing upwards, and a measured quantity (~1 g wet weight) of gel was placed in the donor compartment. This donor compartment containing skin and gel was then placed on the dorsal side of the skin in the receiver compartment of diffusion cell containing phosphate buffer pH 7.4. For both the marketed formulation and the prepared hydrogel, the effective dosage of drug applied was calculated to be approximately 6.5 mg/cm 2 . The temperature of the diffusion cell was maintained at 37°C by circulating warm water through the jacketed portion of the cell. This whole assembly was kept on a magnetic stirrer, and the solution in the receiver compartment was continuously stirred during the entire experiment using magnetic bead. The samples were appropriately diluted and absorbance was determined at 275 nm against phosphate buffer, pH 7.4, as blank using a spectrophotometer (Varian Inc., Palo Alto, CA, USA).
In Vivo Experiment in Rats
Animals used for the in vivo experiments were adult Wister rats of either sex (at a ratio 1:1) weighing 130-150 g. The animals were housed in polypropylene cages individually and were fed with the standard pellet diets and water ad libitum. They were kept in 12-h light/dark cycle at 25±2°C and 55%±5% relative humidity (RH). In vivo experimental protocol used here was approved by the Jadavpur University Animal Ethics Committee (AEC) and procedures followed well in accordance with the guidelines of AEC. Necessary humane care of the animals was always considered. Four rats (two of either sex) were used for each group studied. The hair on the backside of the rats was removed with a depilatory cream (Anne French) on the previous day of the day of application of hydrogels. After 24 h, 1 g (wet weight) of each different hydrogels (containing nanosize drug with or without skin permeation enhancer/microsize drug particles with skin permeation enhancer/the commercial formulation) was applied on 10 cm 2 depleted skin area marked earlier of rats of the abovementioned formulation groups. At definite time intervals, 250 μL of blood was collected from the tail vein; plasma was separated; plasma protein was precipitated using acidified acetonitrile; and drug content was analyzed by HPLC principally according to the method described earlier [23] and mentioned below.
HPLC Analysis of Drug from Plasma Samples
The mobile phase used for the analysis of DDA in the plasma samples was 0.01 M sodium acetate, pH 4.2, and acetonitrile (at a ratio 1:1 v/v). Sodium acetate (205.075 mg) was weighed and dissolved in 200 mL HPLC grade water. The pH of the solution was adjusted to 4.2 with glacial acetic acid and the volume was made up to 250 mL. Throughout the HPLC analysis, Milli-Q water (Millipore, MA, USA) was used. The column used for the analysis was Novapak C18 reversed phase (Waters Corporation, MA, USA) having dimensions of 3.9 mm×150 mm and particle size of 5 μm. The mobile phase flow rate was maintained at 1.5-mL/min and run time for each sample was 10 min. The sample to be analyzed was injected using a Rheodyne injector (50 μL), and the detection was carried out at 280 nm in a photodiode array detector (Waters Corporation, MA, USA). Analysis and processing of the results were performed by Waters Millennium software.
Stability Study
The stability of the hydrogel containing nanosize drug particles was evaluated by a short-term stability study for 3 months [24] . The stability study was carried out at three different conditions, at refrigerated condition at 4°C (±2°C), at 25°C (±2°C)/60% (±5%) RH, and 40°C (±2°C)/75% (±5%) RH in a stability chamber (Darwin Chambers Company, St. Louis, USA). Upon completion of 3 months, various parameters such as viscosity, pH, spreadability, particle size (as evaluated by FESEM), and drug content (by HPLC) were evaluated using same respective procedure as mentioned above in the experimental formulations and compared with those of the freshly prepared formulation.
Statistical Calculations
All statistical calculations were performed with GraphPad Instat version 3.0 (GraphPad Software, Inc., San Diego, CA, USA). The data were analyzed by one-way ANOVA followed by Dunnett multiple ranges test to determine significant differences. Statistical significance was based on the probability value of less than 0.05.
RESULTS
In the present study, using a simple technique, nanosize particles (~10 nm) of DDA were produced in situ and dispersed in the experimentally developed hydrogels. As a reference formulation, microsized DDA was dispersed in the experimentally developed hydrogel. The effect of drug particle size of the formulations on skin permeation was evaluated. Various physico-chemical studies such as hydrogel morphology, hardness test, skin irritation test, gel viscosity and swelling index, drug release, in vitro skin permeation study, and in vivo drug plasma profile in rats were performed on the prepared hydrogels.
Hydrogel Morphology
Drug particles dispersed in the hydrogels at the different experimental parameters were depicted in Fig. 1 . The field emission scanning electron microscope (FESEM) photograph of the hydrogel dispersed with the nanosize drug particles (without enhancer) is shown in Fig. 1a . The drug particles of approximately 10 nm size were dispersed uniformly throughout the polymer gel matrix. The hydrogel with microsize dispersion (Fig. 1b) had drug particles of various sizes (approximately from 10 to 100 μm) dispersed in the hydrogel matrix.
Skin Irritation Test
Skin irritation test of the hydrogels was conducted on rats and humans. No allergic responses were observed in rats after seven consecutive days of application, neither from the hydrogel containing nanosize drug particles nor from the hydrogel containing microsize particles. No skin irritation was detected in human volunteers as well. There was no change on the rat skin morphology before and after the application of the gel (data not shown).
Viscosity and Swelling Study
Both the hydrogel formulations containing microsize drug particles (with or without permeation enhancer) had the average viscosity in the range of 163-165 cps. The average viscosity value of the hydrogels with the nanosize drug particles (with or without enhancer) was approximately 171-173 cps. However, the difference in viscosity of four hydrogels was statistically not significant (p, 0.25).
Swelling indices of the hydrogels (with microsize/ nanosize drug particles) were found to vary little. Maximum swelling was found to occur between 6 and 8 h and the values varied between 0.62 and 0.68. Figure 2 graphically represents the load versus time profile during the movement of the male probe through the hydrogel sample kept in the female holder. Figure 2 is an overlay of the two different hydrogels containing microsize/ nanosize particles (both the hydrogels were without permeation enhancer). Each plot represents two cycles of experiments with the same sample. The presence of drug nanoparticle in the hydrogel did not alter spreadability of the gel as compared to the gel containing microparticulate drug dispersion.
Texture Analyzer Study
Drug Release
Drug release from the two formulations with or without skin permeation enhancer and with nanosize-drug particles was approximately two times higher than the two formulations with or without skin permeation enhancer with microsize drug and the commercial hydrogel formulation. The drug release data (Fig. 3 ) from both the formulations with nanosize drug clusters were statistically compared with the other formulations. The difference in drug release from the two formulations with nanosize drug particles was statistically significant when compared to that of the marketed formulation (p<0.05 for both the sets), the formulation with microsize drug without enhancer (p<0.05 for both the sets), and the formulation with microsize drug with enhancer (p<0.05 for both the sets). However, no significant difference in drug release was found between the two formulations with microsize drug (p, 0.7782) and between those two formulations and the commercial hydrogel (p, 0.85). No statistically significant difference in drug release was found between the two formulations with nanosize drug with or without the skin permeation enhancer (p, 0.1075). When drug release data were analyzed by various kinetic models, the best fit line was obtained with the Higuchi kinetic model for all the formulations tested.
Skin Permeation Study
Skin permeation profiles of DDA from the hydrogel formulations are shown in Fig. 4 . The flux (J) referred as dose/hour was calculated from the slope of the linear portion of the cumulative amount permeated versus time curve (Fig. 4 ) [25] [26] [27] . The permeability coefficient (Kp) was calculated from the equation J=Kp.C where C is the initial drug concentration. However, ideally, the Kp should be calculated from the steadystate flux which is achieved when the flux reached a plateau level [28, 29] . There are multiple reports which suggest that Kp can be calculated from the abovementioned equation even if the steady state is not reached [26, 27] . In our investigation, the curves showing the skin permeation profile of drug released from the hydrogels with microsized drug particles (with or Fig. 1 . Drug particles in the hydrogels. a FESEM photograph of freshly prepared nanosize drugloaded gel (with triethanolamine) showing uniformly distributed drug particles of size, 10 nm. b Light microscope picture of freshly prepared hydrogel with microsized drug particle (with triethanolamine). c FESEM photograph of nanosize drug loaded hydrogel (with triethanolamine) upon storage of the samples at 4°C. d FESEM photograph of nanosize drug loaded hydrogel (with triethanolamine) upon storage of the samples at 25°C and 60% RH. e SEM of nanosize drug loaded hydrogel (with triethanolamine) upon storage of the samples at 40°C and 75% RH without enhancer) and the marketed hydrogel showed convincing linearity where from Kp was calculated. However, the skin permeation profile of the drug from the hydrogels with nanosize drug particle (with or without enhancer) had not enough convincing linearity where the curves were drawn by point to point joining. In those cases, best fits of the individual linear graphics were used to determine the respective Kp for further calculation. The calculated flux and Kp values are given for all the formulations in Table II . Skin permeation study was conducted for 10-h time period. Hydrogel formulation with microsize drug particles and without the skin permeation enhancer showed the least amount of drug permeation through cadaver skin with a flux (J) value of 3.89 μg/cm 2 /h. The addition of 1.9% (w/w) triethanolamine to this hydrogel formulation increased the permeation to a significant extent (p<0.05) with a flux (J) of 25.16 μg/cm 2 /h. The amount of drug permeated at the initial time point from the formulation with nanosize drug and the permeation enhancer was nearly equal to the maximum flux achieved with the hydrogel containing microsize drug with the permeation enhancer (Fig. 4) . Reduction of particle size to nanometer size (~10 nm) increased the permeation and the flux obtained was 37.83 μg/cm 2 /h which was significantly (p<0.05) higher than those of the two hydrogel formulations with microsize drug particles. The addition of permeation enhancer in the hydrogel with nanosize drug particles enhanced the flux to 44.77 μg/cm 2 /h which was again significantly (p<0.05) higher than the two formulations having microsize drug distribution. The commercial hydrogel formulation was found to show a comparable profile with the hydrogel containing microsize drug particles with the permeation enhancer but significantly lower than the formulation having nanosize drug particles with (p<0.05) or without (p < 0.05) the enhancer. Enhancement ratio, as calculated by the ratio of drug permeability coefficients with or w i t h o u t e n h a n c e r, v a r i e d p r e d o m i n a n t l y. D r u g permeability coefficient (Table II) was calculated by dividing flux value with the concentration of the solution, and the enhancement ratio was calculated from the ratio of permeability coefficient value. Hydrogel having nanosize drug particles with the skin permeation enhancer showed the highest permeation coefficient value followed by the hydrogel with nanosize drug particles, the commercial gel and the gel with microsize drug dispersion and skin permeation enhancer. Based on the enhancement ratio, the formulations can be arranged in descending order of permeation: nanosize + permeation enhancer > nanosize > marketed > microsize + permeation enhancer > microsize. Drug permeation from the commercial formulation exceeded the flux of the hydrogel with microsize particle with the permeation enhancer except the initial time point which was slightly lower.
Drug Plasma Levels from Hydrogels
The blood level of the drug from the hydrogel containing microsized drug particle was unexpectedly low in the first few hours and could not be detected in many cases. Thus, the data has not been included in Fig. 5 . However, for the rest of the experimental samples and the commercial formulation, variable drug plasma levels were detected. Hydrogel containing microsized drug with the skin permeation enhancer showed the minimum plasma levels of the drug whereas the hydrogel with nanosize drug with the skin permeation enhancer and that without the skin permeation enhancer markedly improved plasma level of the drug. Hydrogel formulations containing nanosize drug particles (with or without skin permeation enhancer) showed the higher plasma level compared to the marketed formulation and the variation was statistically significant (p<0.05 for both the sets) in both the cases. Again, when hydrogels with nanosize drug with or without the skin permeation enhancer were compared, the hydrogel with nanosize drug with the enhancer showed a steadier drug plasma level, but that without the skin permeation enhancer showed an eventual drop of plasma level of the drug after 3 h. However, the variation of data between those two formulations was found to be statistically insignificant (p, 0.24).
Stability Study
No predominant changes were detected in spreadability, viscosity, pH values, and particle size of the experimental formulations containing nanosize drug particle stored for 3 months as compared to the control formulations (respective formulation prepared freshly). However, drug content was found to vary in the stored samples: 1.72, 1.67. and 2.12% (for the hydrogels with nanosize drug particles with permeation enhancer stored at 4°C, 25°C/60% RH, 40°C/75% RH, respectively); 0.67, 2.35, and 1.92% (for the hydrogel with nanosize drug particles without permeation enhancer stored at 4°C, 25°C/60% RH, 40°C/75% RH, respectively). The values were within the limit (5%) stipulated by ICH guideline [30] . FTIR findings showed that there were no predominant changes in the FTIR spectra (Fig. 6 ) of the hydrogels stored at various conditions compared to the freshly prepared samples. Upon storage, the drug particles were found to have a tendency to agglomerate (Fig. 1c-e) .
DISCUSSION
Morphology of Hydrogel
Addition of drug-in-ethanol solution in the polymer mixture of the hydrogel generated nanosize drug particles in situ. Nanosize drug particles (~10 nm) thus developed were probably stabilized by PVA that acts as surface stabilizer. The phenomenon in this study is somewhat similar to our previously reported work [31] . Strong intermolecular ionic forces exist between drug molecules whereas weak physical interaction like electrostatic forces [32, 33] occurs between the ionic drug and the slightly polar polymers. This drug-polymer interaction might form soluble polyion drug complex [34] with an individual diameter of about 10 nm in this case. Drug polyion complexes of nano dimension surrounded by polymer molecules prevented the complexes to form larger aggregates while they were dispersed in the polymer matrix. During solvent evaporation, those nanoaggregates settled down in the polymeric base.
Viscosity Study
Drug contents in all the experimental hydrogels were the same. Increase in viscosity of hydrogel with nanosize particles might be due to an increased bond chain entanglement between the drug particles (due to nanosize, they were more in number in the same amount as compared to the gel containing microsize drug particles) and the polymeric chains of Fig. 6 . FTIR spectra of hydrogels with nano size drug dispersion with skin permeation enhancer a freshly prepared, b stored at 25°C/60% RH, and c stored at 40°C/75% RH hydrogels by weak bonds such as weak hydrogen bond, van der Waals force of attraction, dipole moments, etc. This leads to reduction of polymeric chain mobility and increased viscosity. Enhanced chain entanglement suggests that the formulations took a longer period to swell maximally. Further, reasonable swelling of the gel favors patient compliance [35, 36] . Viscosity is the force of inherent resistance against the flow of a liquid. In our hydrogel, viscosity was around 160-170 cps. In the reported findings [37, 38] , viscosity of hydrogels was found to vary between 30 and 200 cps. The viscosity in this range was found to be satisfactory enough to apply on to the skin.
Texture Analyzer Study
Texture analyzer has primarily been used for assessment of rheological properties of gels used in food industry [39] [40] [41] [42] . Several researchers have used it to characterize the rheological properties of hydrogel for drug delivery as well [43] [44] [45] . The hardness was determined to assess the spreadability of hydrogel formulations as therapeutic efficacy of hydrogel depends upon its spreadability [46] . Spreadability is the ease with which a spread can be applied in a thin even layer to a surface. As spreadability and hardness are well correlated [47] , the results obtained from this study may be a support for an indirect indication of spreadability. In the present study, during the forward movement of the male probe, the load increased proportionately with the time up to the preset movement of a distance of 15 mm. At the tip break point, the movement was stopped and the probe was started to retract and thereby the load fell. During the retraction, the hydrogel sticking to the male probe caused the load to be applied in the opposite direction and thereby a negative movement of the curve was obtained. The hardness profile of the two drug-loaded batches of the same hydrogel formulation shows overlapping curves. This suggests that they had similar hardness profile. Thus, dispersing the drug in nanosize form did not change the spreadability of the hydrogel compared to its microsize form. Further, spreadability of the experimental gels was found to be good enough for topical application. The hardness profile data thus obtained from the study may lead to assess inter and intrabatch uniformity during manufacturing.
Drug Release
The saturation solubility of the drug in the hydrogel formulation containing nanosize drug particles increased and hence higher drug release was obtained as compared to the other formulations. Drug release patterns from all the hydrogels were found to follow Higuchi kinetics. This is also corroborated with the earlier reports that drug release kinetics from carbopol hydrogel often follows Higuchi kinetics (diffusion controlled release from matrix) [48, 49] unless some agents (e.g., glycerol) [50] or techniques (e.g., iontophoresis) are used to modify the drug release kinetics [51] . Any similar agent/process to modify the gel matrix was not used in our study. Hence, the present findings mostly support the findings of Banga and Chien [49] .
Skin Permeation Study
Hydrogel with nanosize drug particles offered a significant enhancement of skin permeation in terms of both the initial flux value and the maximum flux than the hydrogels with microsize particles and the commercial hydrogel formulation. The flux values obtained from the hydrogels (with or without the enhancer) with nanosize drug particles were quite higher than those obtained from the two hydrogels with microsized drug particles with or without the enhancer.
Enhancement of skin permeation of drug from the hydrogel containing nanosize DDA dispersion might be due to one or more reasons. Comparative studies of gels with microsize drug particles and nanosize particles on skin occlusivity showed that nanosize particles have a distinct advantage over microsize particles [52, 53] . Researchers have demonstrated that particles of less than 200 nm, in general, have a distinct advantage in providing high occlusivity to the skin leading to better hydration of the skin and thereby improved permeation [54] [55] [56] . DDA belongs to the poorly water-soluble class of drugs. It has a variable water solubility of 0.41% w/w to 1.3% w/v in a microsize state. Saturation solubility of the nanosize drug particles (formed in situ) in the hydrogel could not be established since the drug particles in this size range from the experimental polymer matrix were not possible to separate. However, reduction of drug particle sizes in nanometer range has been reported to increase drug permeation through the skin, primarily due to increase in skin hydration, enhanced solubility in the biphasic fluid (mixture of sebum and sweat), and increased partitioning in stratum corneum [55, 57, 58] . The above studies support our findings that distribution of nanosize drug particles in hydrogels enhanced skin permeation of drug much more as compared to the gels containing microsize drug particles. Inclusion of permeation enhancer in the hydrogel formulation with nanosize drug particles was found to enhance skin permeation of DDA. Figure 4 describes that the best skin permeation-enhancing effect was obtained from the hydrogel containing nanosize drug and the permeation enhancer (triethanolamine). When the skin permeation of nanosize DDA from the hydrogel formulation was compared to that of the formulation containing nanosize DDA along with triethanolamine, enhancement of drug permeation (higher flux) was observed in the second case. Drug permeability coefficients were much higher (~10 times) for both the nanosize drug formulations (with or without enhancer) compared to the hydrogels with the microsize drug. Again, when skin permeation of drug from the hydrogel containing nanosize drug particles was compared with that of the hydrogel containing microsize DDA, there was about 4 times enhancement of cumulative drug skin permeation at the initial hour of study and the value was 6 times more than that of the hydrogel with microsize drug at the 10th hour. The findings are further supported by the earlier reports describing the enhancement of skin delivery of the drug due to nanosize [55, 56, 59] . The hydrogel with nanosize particles showed better permeation (statistically significant; p, 0.02) as compared to the commercial reference formulation, which suggests that the hydrogel with nanosize drug particles might provide better therapeutic efficacy.
Gel with nanosize drug particles and the skin permeation enhancer showed the highest permeation coefficient value, followed by the gel with nanosize drug particles, the commercial gel, and the gel with microsize drug dispersion and the skin permeation enhancer.
Blood Levels of Drug from Hydrogels in Rats
Reduction of particle size in the nanometer range increases saturation solubility of the drug and hence enhances its skin permeation [18] . In addition, reports also suggest that particle size below 50 nm diameter can directly penetrate the skin [60, 61] , additionally enhancing the skin permeation. In the present study, both the hydrogel formulations (with or without the skin permeation enhancer) with nanosize drug particles showed a superior plasma drug level than the commercial hydrogel formulation and the experimental hydrogel containing microsized particles. This is corroborated with the fact that the hydrogel formulations with nanosize drug particles had a better in vitro drug release and skin permeation profile than the other formulations.
Stability Study
The hydrogel containing nanosize drug particles undergone a stability study (in different conditions) for 3 months did not show any stability related issues except the sample which was stored at higher temperature and humidity condition. For the samples which were stored at room temperature and refrigerated condition, physicochemical properties such as spreadability, viscosity, and pH value of the experimental formulations remained unchanged as compared to the freshly prepared formulation (data not shown). The drug contents as assessed in those hydrogels were within the recommended limit as well. However, agglomeration of drug particles was observed in the hydrogel, which was stored at higher temperature and humidity conditions. Softening of the gel matrices at a higher temperature might lead to such phenomenon. It is therefore recommended to store the hydrogels at room temperature.
CONCLUSIONS
In conclusion, a simple technique for in situ development of nanosize DDA during hydrogel preparation was established. The study depicts a predominantly improved skin permeation of drug from a transdermal hydrogel (based on PVA and carbopol 71G) with uniformly distributed nanosize DDA particles as compared to the hydrogel with microsized drug particles and a commercial hydrogel formulation. The effect of triethanolamine on the experimental concentration was not much beneficial when added to hydrogel with the nanosize drug. In vivo studies showed that systemic drug availability from the experimental hydrogel containing nanosize drug particles markedly improved over the commercial hydrogel formulation, as well. Further, for commercial purpose, this technique may be easily scaled up to prepare hydrogel with nanosize DDA for better skin permeation. Preparing 10 nm particle sizes and distributing the same uniformly in the hydrogel formulation system is not an easy task and it is costly as well. Here, we have developed an in situ preparation of nanosize particles which distributes the particle in the hydrogel uniformly. This makes the process costeffective and easily scalable from the commercial point of view.
